Hydrogen bonding in isolated, cooled dimers of benzoic acid is explored following preparation in a free jet expansion. Analysis of the laser excitation spectrum in the low energy region allows for the identification of the modes involved in hydrogen bonding in the excited state of the dimer, and cluster formation is noted between the ground state dimers. Van der Waals complexes of the dimer with rare gas atoms are also identified. Assignments of the observed dimer modes have been made and the results are compared with previous studies in solution and matrices and with normal mode analyses.
INTRODUCTION
Intermolecular hydrogen bonding has been previously examined using a wide variety of spectroscopic techniques. [1] [2] [3] [4] [5] [6] Complexation in the gas phase, in solution, in glassy matrices and in single crystals has been considered. The spectral resolution of the vibronic structure has, except in studies of single crystals at low temperatures, 4 been rather limited. Solvent effects and matrix packing effects have often resulted in appreciable spectral shifts and in subtle specific perturbations. Comparison of these studies with calculations a has proven difficult. To avoid such complications we have recently applied the technologies of free jet expansions [6] [7] [8] [9] and tunable lasers to explore the high resolution excitation spectrum of cooled dimers of hydrogenbonded benzoic acid. 6 In this report we will now present information on the low energy region of the spectrum, 150 cm -1 to the higher
Author to whom all correspondence should be addressed. 189 and lower energy of the 0-0 transition. In these new studies we have varied the nature of the cooling process to help distinguish the character of vibronic hot bands, van der Waals complexes with rare gas atoms and the true hydrogen bonding modes of the dimer.
In previous studies 6 we surveyed the excitation spectrum to 1800 cm -and considered the assignments of the principal features of the do-do (non-deuterated) dimer, the do-d and d-d (carboxy deuterated) dimer, and the ds-d5 (ring deuterated) species. In these excitation studies we obtain information on the excited state of the dimer. The free jet expansion of benzoic acid results in ground state dimer formation, in agreement with solution, matrix and single crystal studies. The formation of two strong hydrogen bonds results in a stabilization energy of approximately 16 kcal/mol ' and this is sufficient to ensure production of the dimer at low temperature. In the free jet expansion we observe cooling of the rotational energies to several degrees Kelvin and vibrational cooling to 10-50 K, depending on the expansion gas partner and operating conditions. At these low temperatures the dimer is quite stable and we have not identified any features due to monomers. Given the strong directional character of the hydrogen bonds, a single planar configuration (Ch symmetry) is formed and this is consistent with the available X-ray crystallographic and spectroscopic data. 4'6 The best evidence for dimer formation comes from studies of mixed isotopes of benzoic acid. 4'6 Such studies will be presented in the Results section. The excitation spectrum of the cooled dimer corresponds to that of the perturbed monomer of benzoic acid. Excitation of the lowest electronic band at 280 nm, the so-called C band, corresponds to the zr* --Tr transition, similar to the B A transition in benzene. 4 lg Our primary interest here is in the hydrogen bonding modes and low energy features of the dimer spectrum. Although strongly bound by the two hydrogen bonds, the monomers are only weakly electronically coupled. 
EXPERIMENTAL
The free jet apparatus is described in more detail elsewhere. 6 A three channel boxcar integrator samples the total fluorescence signal, the excitation laser energy and a signal from a wavelength calibration etalon. Scanning of the dye laser and doubling crystal, collection of the data from the boxcar, and manipulation and storage of the data are handled by an HP9825A computer interfaced to a MINC and VAX computer. Absolute wavelengths are determined with a Cary 81 1-meter monochromator. Further details on the design and operation of our pulsed free jet are published elsewhere. 6 
RESULTS
The low energy spectral region of the jet-cooled benzoic acid dimer in He is presented in Figure 1 . The first 150 cm -region of excitation above the electronic origin corresponds to the region where absorbance features due to the hydrogen bonding modes of the benzoic acid dimer are expected to appear. In addition to a number of weaker features, the spectrum of Figure i is dominated by a large absorption band appearing at 58 cm -1 above the 0-0 band. Also apparent in Figure 1 are spectral features lying to the red of the electronic origin. These are due to formation of clusters of dimers and are not due to hot bands. The nature of these bands is considered further in the Discussion section. Figure 2 depicts the low energy region of the spectrum for expansions in He, Ne, and Ar diluent gases. The degree to which a polyatomic is cooled depends directly on the choice of the diluent, with the efficiency of cooling increasing in the order He < Ne < Ar < Kr < Xe. 9 These trends are appropriate for rotational cooling due to the low energies and close spacing of the levels. Vibrational cooling is more complex and depends on the nature of the mode and the W^VELENGTH (r,m) FIGURE 2 Low energy region of the excitation spectrum of the jet-cooled dimer of benzoic acid using 50 torr argon, 100 torr neon and 1800 torr helium.
expansion conditions. 9'15 Although complexation of the benzoic acid dimer with a rare gas atom should be minimized with He as the carrier gas, the use of other diluents permits identification of these van der Waals complexes. Spectral features which are independent of the diluent gas must be considered as resulting from transitions of the benzoic acid dimer itself, while those features dependent on the diluent gas can be systematically identified as being due to van der Waals complexes. From Figure 2 it is evident that virtually all of the low energy features of the benzoic acid spectrum are due to inherent molecular transitions and not to van der Waals complexes. Table I gives a listing ot spectral features and the suggested assignments.
The spectrum ot a mixture of 75% undeuterated (do) and 25%
carboxy deuterated (dl) benzoic acid is shown in Figure 3 . Figure 3 do not appear to scale In Figure 1 , one low energy vibrational feature located at 58 cm -1 to the blue of the 0-0 band is particularly strong. We eel that this band is associated with the u hydrogen bonding mode for essentially three reasons. It has been shown that the localization of electronic excitation on one monomer unit within the dirner serves to strengthen the acceptor hydrogen bond while weakening the donor hydrogen bond.' The resulting deformation of the molecule--a compression of one hydrogen bond and a stretching of the other--is best described as a u dimer mode vibration. It is not unreasonable, then, to suspect that the u dimer mode might be important in the spectrum. Secondly, the 58 cm -band tends to appear in combination bands with many of the observed monomer modes, and particularly with those modes which involve substantial in-plane motion of the carboxyl group. From a physical viewpoint, a u type dimer mode should be easily capable of combining with internal modes involving a similar carboxyl group motion.
Our final reason for associating the 58 cm -band with the u dimer vibration is that it appears as the most prominent low-energy feature. Our recent work on the resolved fluorescence emission from the dimer 16 We would now like to consider some of the weaker spectral features in Figure 1 . Although these are subject to much greater uncertainties, studies in different diluent gases (Figure 2) The spectrum of Figure 3 reveals spectral splittings of the redshifted bands resulting from the dimers formed from 75% undeuterated (do) and 25% carboxydeuterated (dl) benzoic acid. This splitting was previously noted for the electronic origin of benzoic acid 4 and, more recently, for vibratibnal modes in the excited state. 6 As before, the carboxyl group deuterium produces an anomalous isotope shift. In Figure 3 we observe two doublets to the red of the [5, 73] cm-1) only the features associated with the higher order complex probably the tetramer, exhibit the red shifted character as well. The features associated with the tetramer are particularly interesting. These features mirror similar bands in the free dimer and show that the basic nature of the dimer transition is only slightly perturbed by the presence of the weakly bound second dimer. Given the high population of dimers in the expansion zone and the relative absence of the monomer, one would expect dimer-dimer condensation. Higher resolution studies are currently being planned to examine these effects more fully.
CONCLUSIONS
In this paper, we have presented information on the low energy modes of the jet-cooled dimer of benzoic acid and the carboxy-deuterated analogue. Using various rare gas partners and stagnation pressure studies we have explored the role of hot bands and van der Waals complexes. Several of the low energy components of the spectrum of the cooled dimer have been associated with the hydrogen bonding modes. Information on both the electronically excited dimer and on the ground state dimer has been provided.
